Introduction
============

The eukaryotic sliding clamp, proliferating cell nuclear antigen (PCNA), performs critical functions during DNA replication as a processivity factor for DNA polymerases as well as a docking site for many post-DNA synthesis proteins ([@bib30]). During DNA replication, two PCNA clamps are loaded at the origin and slide on the leading strand in both directions until replicon synthesis is completed. Simultaneously, PCNA begins to be loaded on the lagging strand for bi-directional DNA synthesis and is repeatedly loaded for synthesis of each Okazaki fragment. Considering the limited amount of PCNA compared with the number of Okazaki fragments to be synthesized, PCNA needs to be unloaded for recycling. It is not clear when PCNA unloading occurs because PCNA needs to remain on the chromatin to mark replicated DNA for proper chromatin assembly ([@bib38]).

During S phase of eukaryotic cells, several neighboring replication origins are simultaneously fired and replicated at a specific location in the nucleus called the replication factory ([@bib5]). Many replication proteins accumulate at the replication factory and can be visualized as foci by immunostaining PCNA ([@bib6]). The lifespan of replication factories from gradual buildup to disassembly, as determined by PCNA foci, ranges from minutes to hours ([@bib24]). Due to its intrinsic property as a scaffold, PCNA is believed to play a major role in the replication factory. PCNA left behind after Okazaki fragment synthesis has been proposed as a binding platform for other replication proteins ([@bib43]). Thus, the balance and the timing between PCNA loading and unloading might determine the cycle of a given replication factory.

PCNA is loaded onto DNA by the replication factor C (RFC) complex, composed of five subunits, RFC1--5 ([@bib27]). PCNA unloading activity of RFC was also reported in vitro ([@bib8]; [@bib47]; [@bib38]). Eukaryotic cells have three RFC-like complexes (RLCs) composed of RFC2--5 and one alternative subunit that replaces the canonical RFC1: RAD17, CTF18, or ELG1 (ATAD5 in human). RAD17--RLC loads the RAD9--RAD1--HUS1 (9--1--1) complex at damaged DNA for checkpoint activation ([@bib15]; [@bib25]; [@bib26]; [@bib32]). CTF18--RLC is important for sister chromatid cohesion ([@bib28]; [@bib29]). CTF18--RLC was reported to have PCNA loading/unloading activity in vitro ([@bib27]).

Elg1p was first identified as a suppressor of genomic instability in budding yeast ([@bib3]; [@bib4]; [@bib18]; [@bib19]; [@bib40]). Elg1p is involved in DNA replication, DNA recombination, and telomere length regulation ([@bib1]; [@bib41]). The human homologue of yeast Elg1 is encoded by the *ATAD5* gene. ATAD5 regulates PCNA deubiquitylation by recruiting the ubiquitin-specific protease 1 (USP1)--USP1-associated factor (UAF1) complex to ubiquitylated PCNA ([@bib23]). Recently, we reported that ATAD5 is important for genomic stability and suppress tumorigenesis both in mice and humans ([@bib39]; [@bib2]). In these studies, we found that unlike the *Usp1*-null mice ([@bib21]), the *Atad5*-null mice die early in embryogenesis, which suggests that ATAD5 has another function important for embryonic survival. Unlike other clamp loaders, PCNA loading/unloading activity by ATAD5--RLC has not been investigated. However, several indirect evidences from yeast studies suggest a possible role of Elg1p--RLC in PCNA regulation during DNA replication ([@bib19]; [@bib20]; [@bib34]; [@bib22]). Therefore, we investigated the role of ATAD5 in PCNA regulation in more detail. Here, we report that ATAD5 knockdown leads to an increase of DNA synthesis--defective replication factories where replication proteins accumulate in a PCNA-dependent manner. ATAD5 actively regulates the dynamics of replication factories. Consistently, defects in ATAD5, especially in its ATPase function, result in a delay in the replication rate and cell cycle progression. We propose a connection between PCNA unloading and dismantlement of replication factories, both of which appear to be regulated by ATAD5--RLC.

Results
=======

ATAD5 knockdown produces abnormally large PCNA foci
---------------------------------------------------

Based on the fact that physical interaction exists between ATAD5 and PCNA and that ATAD5 regulates PCNA ubiquitylation ([@bib23]), we hypothesized that ATAD5 would affect the dynamics of PCNA during DNA replication. We investigated the staining pattern of PCNA in cells after depleting ATAD5 by siRNA. PCNA in the nucleus of replicating cells forms foci structures, termed replication foci, which represent replication factories where DNA is replicated ([@bib10]). In both HeLa and RPE cells, even though similar PCNA foci patterns were observed in ATAD5 knockdown cells compared with control cells, the signal intensity was greater in the majority of ATAD5 knockdown cells ([Fig. 1 A](#fig1){ref-type="fig"} and [Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201206084/DC1){#supp1}). The quantified signal intensity of chromatin-bound PCNA foci was significantly higher in ATAD5 knockdown cells ([Fig. 1 B](#fig1){ref-type="fig"} and Fig. S1 B). Clear differences in the signal intensity of PCNA foci between ATAD5 knockdown cells bound to small beads and control cells bound to large beads prepared in a single slide chamber excluded the possibility of experimental variations (Fig. S1 C).

![**ATAD5 knockdown generates abnormally large PCNA foci.** In all experiments, HeLa cells were transfected with *ATAD5* or control siRNA and analyzed after 72 h unless otherwise specified. (A) Cells were fixed with (chromatin bound) or without (total) a prior soluble protein extraction step, stained with anti-PCNA antibody, and analyzed by confocal microscopy. Dotted lines denote nuclear boundary determined by DAPI staining. I, II, and III denote early, mid, and late S phase, respectively. (B) Box blot showing the quantitation of chromatin-bound PCNA signal intensity. The data shown are from a single representative experiment out of three repeats. For the experiment shown, *n* \> 500 in each condition. A.U., arbitrary unit; red bars in the graph, mean value; P, significance by *t* test. (C and D) PCNA foci in early S-phase nuclei (*n* = 10 in each condition) were quantitatively analyzed for foci signal intensity (C) and foci size (D). The data shown are from a single representative experiment out of three repeats. For the experiment shown, *n* = 10 for each condition. A *t* test was performed between the control knockdown cell with maximum mean signal intensity and size of PCNA foci and the ATAD5 knockdown cell with minimum. (E) Cells were fixed, stained with both anti-PCNA and anti-RPA antibodies, and analyzed by confocal microscopy. UV-irradiated cells were prepared in the same way as the positive control. Bars (all images): 5 µm.](JCB_201206084_Fig1){#fig1}

The distinctive spatio-temporal patterns of PCNA foci during S phase, including distribution, size, and shape can be used for classifying S-phase cells into subcategories ([@bib31]; [@bib17]; [@bib24]). Using these criteria, we classified ATAD5 knockdown and control cells into early, mid, and late S phases ([Fig. 1 A](#fig1){ref-type="fig"}). The unusually brighter PCNA foci in ATAD5 knockdown cells were detected in all sub-S phases. Detail analysis of PCNA foci in early S phase, where PCNA foci can be easily measured, demonstrates significant increase in the signal intensity and the size of PCNA foci upon ATAD5 knockdown ([Fig. 1, C and D](#fig1){ref-type="fig"}; and Fig. S1 D). Taken together, PCNA accumulates on the chromatin and forms abnormally large foci structures when ATAD5 is depleted.

PCNA also forms foci when the replication machinery stalls at damaged DNA during S phase. DNA damage--induced PCNA foci can be distinguished from replication foci in early S phase by their colocalization with replication protein A (RPA), a single-strand DNA (ssDNA)--binding protein that accumulates at DNA damage--induced foci because the uncoupling of the helicase and replicative polymerases at stalled replication forks produces long ssDNA ([@bib13]). In contrast to the colocalized PCNA and RPA foci in response to ultraviolet (UV) irradiation ([Fig. 1 E](#fig1){ref-type="fig"}), a portion of ATAD5 knockdown cells that had discrete PCNA foci did not contain RPA foci, indicating that the abnormally large PCNA foci observed after ATAD5 knockdown were not generated in response to DNA damage--induced ssDNA at stalled replication forks.

ATAD5 knockdown extends lifespan of replication foci
----------------------------------------------------

To examine the dynamics of PCNA in more detail, we monitored the GFP-fused PCNA (GFP-PCNA) stably expressed in a HeLa cell line ([@bib24]). Live-cell images obtained after ATAD5 knockdown were analyzed based on their GFP-PCNA foci patterns ([Fig. 2 A](#fig2){ref-type="fig"}). Similar to endogenous PCNA foci, the intensity of GFP-PCNA foci signal was increased in ATAD5 knockdown cells compared with control cells throughout the S phase ([Fig. 2 A](#fig2){ref-type="fig"} and [Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201206084/DC1){#supp2}). The duration of the GFP-PCNA--positive phase (from phase I to IV in [Fig. 2 A](#fig2){ref-type="fig"}) determined in each cell from the consecutive images showed that the mean duration of the GFP-PCNA--positive phase increased from 11.6 h in control cells to 16.3 h in ATAD5 knockdown cells ([Fig. 2 B](#fig2){ref-type="fig"}).

![**ATAD5 knockdown extends lifespan of PCNA foci.** HeLa cells stably expressing GFP-PCNA were transfected with *ATAD5* or control siRNA. After 72 h, GFP images were taken using a spinning disc microscope. (A) The representative consecutive images of a GFP-positive cell with the classification used are displayed. Bars, 5 µm. (B--G) The data shown are from a single representative experiment out of two independent experiments. (B) The duration time of GFP-PCNA signal in each cell was measured (*n* = 51 for si-Ctrl cells; *n* = 50 for si-ATAD5 cells) and the frequency of distribution was displayed. (C) The duration time of each phase was measured (*n* = 31 for si-Ctrl cells; *n* = 37 for si-ATAD5 cells) based on the classification in A. (D and E) Mean duration time of each phase in C. A5, si-ATAD5; C, si-Ctrl; I--V, phase I--V. (F) The lifespan of PCNA foci was measured (*n* = 50 in each condition) and plotted. P, significance by *t* test. (G) The signal intensity of foci was measured during entire lifespan. Representative data are displayed. A.U., arbitrary unit. (H) Consecutive images that were used for the analysis in G. The foci in the circle were analyzed. Phases where cells with the foci belong are indicated on the top.](JCB_201206084_Fig2){#fig2}

The consecutive images of the GFP-PCNA--positive phase for each cell were divided into four sequential phases (phase I to IV) according to the foci pattern ([Fig. 2 A](#fig2){ref-type="fig"}; [@bib31]; [@bib17]). We divided the classical late S phase into two phases, phase III and phase IV, based on the observation that cells in phase IV did not have newly arising PCNA foci, but rather had diminished ones. This observation was more pronounced in ATAD5 knockdown cells. We also included phase V encompassing the span between phase IV and mitosis. In a normal cell cycle, phase V represents the G2 phase. We applied this classification to measure the duration time of each phase in detail ([Fig. 2, C and D](#fig2){ref-type="fig"}). However, due to the difficulty of classifying cells in transition from phase I to II as well as from phase II to III, we combined phase I through III for further analysis. The mean combined duration time of phase I through III was delayed by ATAD5 knockdown (12.7 h for si-ATAD5 vs. 11.1 h for si-Ctrl). However, the greatest difference was observed in phase IV, where ATAD5 knockdown increased the mean duration fourfold compared with control knockdown cells (3.2 h for si-ATAD5 vs. 0.8 h for si-Ctrl). We found that the duration time of phase V was shorter in ATAD5 knockdown cells compared with control ([Fig. 2 D](#fig2){ref-type="fig"}; 3.1 h for si-ATAD5 vs. 5.2 h for si-Ctrl), leading to a similar combined mean duration time of phase IV and V in both cell types ([Fig. 2 E](#fig2){ref-type="fig"}).

Replication foci appear and disappear at fixed positions with different cycling times ([@bib24]). We analyzed the lifespan and signal intensity of GFP-PCNA foci in the S phase of ATAD5 knockdown and control cells. GFP-PCNA foci in the ATAD5 knockdown cells with a long S-phase duration (over 16 h) displayed longer cycling times compared with control cells ([Fig. 2 F](#fig2){ref-type="fig"}). In contrast to GFP-PCNA foci with short lifespan in both ATAD5 knockdown and control cells, GFP-PCNA foci with a long lifespan (over 4 h) in ATAD5 knockdown cells began to appear in phase II (mid S phase), increased intensity to a plateau level, then maintained such level before disappearing in phase IV ([Fig. 2, G and H](#fig2){ref-type="fig"}). Taken together, these data indicate that ATAD5 knockdown extends the lifespan of PCNA foci.

Inactive replication factories remain in G2 phase by ATAD5 knockdown
--------------------------------------------------------------------

Extended phase IV and shortened phase V after ATAD5 knockdown ([Fig. 2 E](#fig2){ref-type="fig"}) suggest that the entire or a latter portion of phase IV in ATAD5 knockdown cells might be in G2 phase. To test this possibility, we examined the staining pattern of cyclin B1 ([Fig. 3 A](#fig3){ref-type="fig"}), which accumulates in the cytoplasm throughout G2 phase ([@bib35]). We also labeled cells with BrdU, which is incorporated into replicating DNA. Cells in G2 phase are defined as positive in cyclin B1 and negative in BrdU signals. Under these criteria, there was no control cell at the G2 phase that had PCNA foci. In contrast, 28.9% of ATAD5 knockdown cells at the G2 phase had PCNA foci ([Fig. 3, A and B](#fig3){ref-type="fig"}; asterisk-marked cells). These data indicate that PCNA foci remain on the chromatin even after cells enter the G2 phase. We also concluded that the latter portion of phase IV in ATAD5 knockdown cells is in G2 phase.

![**ATAD5 knockdown retains inactive replication factories at the G2 phase.** 72 h after transfection of *ATAD5* or control siRNAs, HeLa cells were pulse-labeled with BrdU for 3 min, fixed, stained with anti-PCNA, anti-BrdU, and anti-cyclin B1 antibodies, and analyzed by confocal microscopy. (A) Representative images from ATAD5 knockdown cells. An asterisk indicates a cyclin B1--positive and BrdU-negative cell with PCNA foci. (B) The percentage of cells with PCNA foci in cyclin B1--positive and BrdU-negative cells (*n* = 110 for si-Ctrl cells; *n* = 97 for si-ATAD5 cells from a single experiment) was calculated. (C) Cells knocked down for ATAD5 were pulse-labeled with BrdU for 3 min, fixed, stained with anti-PCNA, anti-BrdU and the indicated antibodies, and analyzed by confocal microscopy. Bars, 5 µm.](JCB_201206084_Fig3){#fig3}

A replication factory contains many proteins that are involved in DNA synthesis, repair, chromatin assembly, and sister chromatid cohesion ([@bib5]). PCNA functions as a platform for other proteins within the replication factory ([@bib43]). We hypothesized that the PCNA foci found in the G2 phase after ATAD5 knockdown would represent inactive replication factories that contain other replication proteins. To test this possibility, we examined the staining pattern of replication proteins, which include DNA ligase 1, a chromatin-assembly protein CAF-1, and MRE11, another replisome-associated protein. In addition to the active replication factories with a BrdU signal, replication proteins also colocalized with PCNA foci having no BrdU signal in ATAD5 knockdown cells ([Fig. 3 C](#fig3){ref-type="fig"}). Taken together, these data show that ATAD5 knockdown causes inactive replication factories to remain on the chromatin even after cells enter the G2 phase, possibly in a PCNA-dependent manner.

ATAD5 knockdown generates inactive replication factories during S phase
-----------------------------------------------------------------------

The retention of DNA synthesis--deficient PCNA foci on the chromatin at the G2 phase and the prolonged duration of S phase in ATAD5 knockdown cells led us to investigate the staining pattern of PCNA and BrdU in S-phase cells. After a short pulse labeling with BrdU (3 min), control cells showed colocalization of BrdU and PCNA in all active replication foci. In contrast, a significant fraction (∼7.5%) of S-phase cells showed a defective BrdU signal (ranging from weak to no detection) at PCNA foci in ATAD5 knockdown cells ([Fig. 4, A and B](#fig4){ref-type="fig"}). There were two types of PCNA foci in cells having a defective BrdU signal: foci that colocalized with the attenuated BrdU signal ([Fig. 4 A](#fig4){ref-type="fig"}, yellow foci marked with an arrowhead) and foci without the BrdU signal (red foci marked with an arrow). These foci might represent sub-active and inactive replication factories, respectively. Cells having both types of foci were observed more frequently in the late S phase. Albeit less frequently, the former type of PCNA foci (having an attenuated BrdU signal) was more dominantly observed in the early S phase. A similar result was observed in the RPE cell ([Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201206084/DC1){#supp3}).

![**ATAD5 knockdown generates inactive replication factories during S phase.** 72 h after transfection of *ATAD5* or control siRNAs, HeLa cells were pulse-labeled with BrdU for 3 (A, B, D, and E), 5 (B), or 10 min (B and C), fixed, stained with anti-PCNA and anti-BrdU or anti--CAF-1 antibodies, and analyzed by confocal microscopy. (A and C) The region in the inner squares is magnified and displayed to the right with a bar corresponding to 2 µm. Arrow, BrdU signal-null replication factories; arrowhead, replication factories with BrdU signal. (B) The percentage of cells in S phase with BrdU signal-defective PCNA foci was calculated from at least two independent experiments at each BrdU pulse-labeling time point and mean values were calculated. Error bars indicate SD. (D) Representative images from triple staining with anti-PCNA, anti-BrdU, and anti--CAF-1 antibodies. (E) Cells with BrdU signal-defective PCNA foci (*n* = 73 from multiple experiments) were classified based on the categories set in [Fig. 2 A](#fig2){ref-type="fig"} and the percentage was displayed. Bars (all images): 5 µm.](JCB_201206084_Fig4){#fig4}

When cells were labeled with BrdU for a longer period of time (10 min), the percentage of cells with a defective BrdU signal at PCNA foci decreased to ∼4% in ATAD5 knockdown cells ([Fig. 4, B and C](#fig4){ref-type="fig"}). After 10 min labeling with BrdU, the PCNA signal began to separate from the BrdU foci ([Fig. 4 C](#fig4){ref-type="fig"}, si-Ctrl cells), reflecting a local movement of nascent DNA at active replication factories ([@bib42]). In contrast, many PCNA foci in ATAD5 knockdown cells remained colocalized with weak BrdU foci not separated from BrdU foci, indicating that the PCNA foci with attenuated BrdU signal are not active replication sites.

We examined the presence of CAF-1 at the PCNA foci with a defective BrdU signal by ATAD5 knockdown. CAF-1 colocalized with PCNA foci independent of the intensity of BrdU signal ([Fig. 4 D](#fig4){ref-type="fig"}). This suggests that replication factories remain on the chromatin after completion of DNA synthesis (inactive replication factory) or until DNA synthesis is almost complete (sub-active replication factory) in ATAD5 knockdown cells. Most ATAD5 knockdown cells with PCNA foci having a defective BrdU signal were in late S phase or G2 phase with a small portion in early S phase ([Fig. 4 E](#fig4){ref-type="fig"}). Collectively, ATAD5 knockdown generates inactive replication factories in both S and G2 phases, which result in the prolonged lifespan of PCNA foci.

Reduced expression of ATAD5 results in PCNA accumulation on the chromatin
-------------------------------------------------------------------------

Because PCNA accumulates at replication foci with an extended lifespan in ATAD5 knockdown cells, we predicted that the levels of chromatin-bound PCNA would increase as well. As expected, PCNA accumulated on the chromatin without changing its overall level when ATAD5 was depleted in HEK293T and HeLa cells ([Fig. 5, A and B](#fig5){ref-type="fig"}). Similar results were observed using a yeast *elg1*-deficient strain in control experiments ([@bib34]; [@bib22]). PCNA ubiquitylation was also increased after ATAD5 knockdown, as we previously reported ([@bib23]). The chromatin-bound PCNA level showed a positive correlation with the knockdown efficiency of different siRNAs ([Fig. 5 A](#fig5){ref-type="fig"}). Reciprocal reduction of soluble PCNA level was evident by ATAD5 knockdown ([Fig. 5 B](#fig5){ref-type="fig"}), which corresponded to the maintenance of overall PCNA level. Expression of ATAD5 resistant to siRNA knockdown under the same conditions restored chromatin-bound PCNA level comparable to control siRNA, ruling out off-target effects ([Fig. 5 C](#fig5){ref-type="fig"}).

![**ATAD5 knockdown accumulates replication proteins on the chromatin in a PCNA-dependent manner.** In all experiments, cells were transfected with *ATAD5* or control siRNAs and protein level was detected in Triton X-100 soluble (soluble) or insoluble (chromatin-bound) proteins. (A, C, and F) HEK293T cells. (B, D, and E) HeLa cells. (B--F) *ATAD5* siRNA \#3 in A was used. (C) Cells were cotransfected with a combination of *ATAD5* siRNA and DNA vector expressing FLAG-tagged ATAD5 (F-ATAD5) or empty vector (Vec). Chromatin-bound proteins were isolated for immunoblot assay. (E) Cells were transfected with a combination of *ATAD5* or *PCNA* siRNAs. Chromatin-bound proteins were isolated for immunoblot assay. (F) Cells were transfected with siRNAs targeting *ATAD5*, *RAD17*, or *CTF18*. Tubulin and histone H3 (H3) were used as loading controls for total lysates or soluble fractions, and chromatin-bound fractions, respectively. Short exp; short exposure.](JCB_201206084_Fig5){#fig5}

As PCNA functions as a platform for other replisome proteins ([@bib43]), we speculated increased chromatin-bound level of other replication proteins after ATAD5 knockdown. In fact, the levels of many replication proteins were increased on the chromatin in ATAD5 knockdown cells ([Fig. 5 D](#fig5){ref-type="fig"}), which includes FEN1 and DNA ligase 1 protein, which are essential for Okazaki fragment maturation, MSH2, a mismatch repair protein, and MRE11. This might be partly explained by the retention of those proteins in the sub-active and/or inactive replication factories ([Figs. 3 C](#fig3){ref-type="fig"} and [4 D](#fig4){ref-type="fig"}). Contrary to what is expected from the immunostaining data ([Figs. 3 C](#fig3){ref-type="fig"} and [4 D](#fig4){ref-type="fig"}), the chromatin-bound level of CAF-1 was not changed after ATAD5 knockdown. This could be the result of the cross-linking step during the slide preparation for confocal microscopy, which allows for the detection of a weak association of CAF-1 with PCNA. The simultaneous knockdown of PCNA and ATAD5 reduced the chromatin accumulation of all replication proteins tested ([Fig. 5 E](#fig5){ref-type="fig"}), suggesting a PCNA-dependent retention of these replication proteins on the chromatin.

Eukaryotic cells have two RLCs besides ATAD5--RLC: RAD17--RLC and CTF18--RLC ([@bib15]; [@bib28]). We did not observe any difference in chromatin-bound PCNA level upon knockdown of RAD17 or CTF18 ([Fig. 5 F](#fig5){ref-type="fig"}). Collectively, the level of chromatin-bound PCNA is specifically affected by ATAD5 protein level.

Ectopic ATAD5 expression reduces PCNA on the chromatin
------------------------------------------------------

To understand the regulation mechanism of chromatin-bound PCNA by ATAD5, we examined the localization of ATAD5 in a cell line that stably expresses FLAG-tagged ATAD5. ATAD5 completely colocalized with PCNA at replication foci ([Fig. 6 A](#fig6){ref-type="fig"}), classifying ATAD5 as a replisome protein.

![**ATAD5 removes PCNA from the chromatin in replication factories.** (A) RPE cells stably expressing FLAG-tagged ATAD5 protein were fixed, stained with anti-PCNA and anti-FLAG antibodies, and analyzed by confocal microscopy. The histogram at the bottom indicates colocalization of PCNA (green) and FLAG-ATAD5 (red) signal intensities following the line in the merged image. Bars, 2 µm. (B--E) 72 h after transfection, chromatin-bound proteins were isolated for immunoblot assay. (B) HEK293T cells were cotransfected with a combination of *RFC1* siRNA and a plasmid expressing ATAD5 protein (A5) or empty vector (Vec). (C) HeLa cells were transfected with a combination of *ATAD5* or *RFC1* siRNAs with the ratio of 1:5. (D) HeLa cells were irradiated with 60 J/m^2^ UV at 72 h after transfection and incubated for another 12 h. (E) HEK293T cells were cotransfected with a combination of *ATAD5* siRNA and a plasmid expressing wild-type (WT) or mutant (UAF1del) ATAD5. Histone H3 (H3) was used as loading controls for chromatin-bound fractions. Short exp, short exposure.](JCB_201206084_Fig6){#fig6}

To investigate whether ATAD5 could unload PCNA from chromatin, we checked chromatin-bound PCNA level when ATAD5 protein was overexpressed. ATAD5 overexpression alone did not affect the PCNA level on the chromatin. However, knockdown of RFC1 with ATAD5 overexpression reduced chromatin-bound PCNA level ([Fig. 6 B](#fig6){ref-type="fig"}). This suggested that the available amount of small RFC subunits could be the limiting factor on the chromatin PCNA level. However, when small RFC subunits were coexpressed with ATAD5, we could not observe the reduction of the chromatin-bound PCNA level (unpublished data). This result rules out our interpretation of [Fig. 6 B](#fig6){ref-type="fig"} that small RFC subunits are the limiting factor. An alternative explanation could be that the balance of active replication site occupancy between RFC and ATAD5--RLC might be important for regulating chromatin-bound PCNA level. Enhancement of RFC1 knockdown by using more siRNA decreased PCNA level on the chromatin ([Fig. 6 C](#fig6){ref-type="fig"}). However, even under this condition, simultaneous knockdowns of ATAD5 restored the level of chromatin-bound PCNA similar to the level of ATAD5 knockdown alone ([Fig. 6 C](#fig6){ref-type="fig"}), suggesting that the increase of the chromatin-bound PCNA in ATAD5 knockdown cells appeared to result from defects in unloading of PCNA rather than acceleration in loading of PCNA by RFC1. However, we still cannot exclude the possibility that ATAD5 functions as an inhibitor of PCNA loading.

PCNA is spontaneously ubiquitylated in nondamaged cells or when replication forks are stalled by exogenous stresses ([@bib14]). Because ATAD5 depletion increases PCNA ubiquitylation in both human and mouse ([@bib23]; [@bib2]), we investigated whether the presence of ubiquitylated PCNA (PCNA-Ub), or the condition that enhances PCNA-Ub, could also affect the level of PCNA on the chromatin. PCNA-Ub induced by UV irradiation did not affect the level of chromatin-bound PCNA ([Fig. 6 D](#fig6){ref-type="fig"}). Furthermore, the level of chromatin-bound PCNA in ATAD5 knockdown cells was not further increased by UV irradiation despite a synergistic increase in PCNA-Ub. Furthermore, the ectopic expression of ATAD5 mutant protein (ATAD5 UAF1del) that does not interact with the USP1--UAF1 complex and results in defective PCNA deubiquitylation ([@bib23]; [@bib46]) reduced chromatin-bound PCNA level similar to the ectopic expression of wild-type ATAD5 ([Fig. 6 E](#fig6){ref-type="fig"}). The ectopic expression of ATAD5 UAF1del mutant removed PCNA-Ub from the chromatin-bound protein fractions. Previously, we showed that the expression of the same mutant could not reduce the level of PCNA-Ub in the nuclear extract ([@bib23]; [@bib46]). It suggests that ATAD5 UAF1del mutant protein has PCNA-unloading activity even though it is defective in recruitment of the USP1--UAF1 complex to PCNA-Ub to remove ubiquitin from PCNA. Taken together, increased level of PCNA-Ub does not explain the enhanced level of PCNA on the chromatin after ATAD5 knockdown, irrespective of whether the source of PCNA-Ub is replication stalling or dysregulation of USP1 activity.

ATAD5 knockdown slows DNA replication rate
------------------------------------------

The presence of inactive replication factories might affect DNA replication in ATAD5 knockdown cells. To investigate changes in DNA replication rate by ATAD5 knockdown, we measured the incorporation of a thymidine analogue, ethynyl deoxyuridine (EdU), into replicating DNA. Microscopic data show that EdU incorporation was reduced in ATAD5 knockdown compared with control for all conditions tested ([Fig. 7 A](#fig7){ref-type="fig"}). The difference between the two cells became larger with longer incubation time with EdU ([Fig. 7, B and C](#fig7){ref-type="fig"}), suggesting that replication defect by ATAD5 knockdown accumulates. These data indicate that the overall DNA replication rate is slower in ATAD5 knockdown compared with control. It was consistent in the flow cytometry analysis. Similar to the BrdU incorporation, the percentage of EdU-positive cells was increased by ATAD5 knockdown compared with the control ([Fig. 7 D](#fig7){ref-type="fig"}). The intensity of EdU-positive peak shifted to the left, representing a lower EdU signal in ATAD5 knockdown cells. The extent of DNA synthesis measured by EdU intensity in EdU-positive cells was 40% less in ATAD5 knockdown cells than control cells ([Fig. 7 E](#fig7){ref-type="fig"}). In addition, shifting of the entire peak indicates that the reduction in replication rate occurred in the majority of the cell population after ATAD5 knockdown.

![**ATAD5 knockdown slows DNA replication rate.** In all experiments, HeLa cells were analyzed 72 h after transfection of *ATAD5* or control siRNAs. (A) Cells were pulse-labeled with EdU as indicated and fixed for microscopic analysis. Bars, 10 µm. (B and C) Box blots showing the quantitation of nuclear EdU intensity. *n* \> 200 in each condition from a single experiment; 10 µM EdU for 10 min (B), 1 µM EdU for 1 h (C). A.U., arbitrary unit; Bar in the graph, median value. (D) Cells were pulse-labeled with 10 µM EdU for 1 h, fixed, and permeabilized for flow cytometry analysis. The data shown are from a single representative experiment out of three repeats. Numbers are the mean percentage of EdU-positive cells (R1). (E) The EdU geometric mean intensity of R1 area in D was obtained from three independent experiments and mean values were calculated. Error bars indicate SD. (F and G) Cells were subjected to the DNA combing assay. The data shown are from a single representative experiment out of three repeats. (F) The distribution of the replication fork velocity was calculated (*n* = 298 for si-Ctrl cells; *n* = 327 for si-ATAD5 cells). (G) The distribution of the inter-origin distances was determined by measuring the distance between two identified replication initiation origins. P, significance by *t* test.](JCB_201206084_Fig7){#fig7}

The overall replication rate can be affected by replication fork velocity and the number of replication origins fired. To determine the cause of the reduced replication rate after ATAD5 knockdown, we measured the fork velocity ([Fig. 7 F](#fig7){ref-type="fig"}) and distance between replication origins ([Fig. 7 G](#fig7){ref-type="fig"}) by DNA combing assay. The latter can indirectly determine the number of fired replication origins. Unexpectedly, there was no reduction in both fork velocity (1.601 kb/min for si-Ctrl vs. 1.751 kb/min for si-ATAD5) and inter-origin distances in ATAD5 knockdown compared with control. These results suggest that there seems to be another reason for the slow replication rate by ATAD5 knockdown.

ATAD5 knockdown results in S-phase delay
----------------------------------------

Consistent with the reduced replication rate, we observed the accumulation of S-phase cells after ATAD5 knockdown in three different cell lines ([Fig. 8 A](#fig8){ref-type="fig"}). Detailed analysis of cell cycle progression showed that progression through S phase was significantly delayed in ATAD5 knockdown cells after releasing from the G1/S arrest by a double thymidine block ([Fig. 8 B](#fig8){ref-type="fig"}). The difference between ATAD5 knockdown and control cells was evident as early as 6 h and was exacerbated at later time points. Specifically, the majority of control cells had transitioned to the G2/M phase at 9 h, whereas 41.2% of ATAD5 knockdown cells still remained in S phase. A similar result was observed in the HEK 293T cell line ([Fig. S4](http://www.jcb.org/cgi/content/full/jcb.201206084/DC1){#supp4}). In addition, ATAD5 knockdown reduced proliferation compared with control cells ([Fig. 8 C](#fig8){ref-type="fig"}). These results are consistent with observations in a yeast *elg1*-deficient strain ([@bib3]; [@bib19]). Thus, ATAD5 knockdown delays progression of the S phase of the cell cycle, which might result from defects in DNA replication.

![**ATAD5 knockdown delays S-phase cell cycle progression.** In all experiments, HeLa cells were analyzed 72 h after transfection of *ATAD5* or control siRNAs unless otherwise specified. (A) Cell cycle was measured by flow cytometry. The relative percentage of cell cycle stages was calculated from three independent experiments and displayed as a graph with the mean value below. (B) 48 h after transfection, cells were arrested with a double thymidine block. At indicated times after release from the G1/S block, cells were pulse-labeled with BrdU for 30 min and collected for cell cycle analysis. The data shown are from a single representative experiment out of two repeats. Numbers are the relative percentage of cell cycle stage. Early and late S phases indicate 7-AAD low and high cells, respectively. (C) Cell numbers were colorimetrically measured. \*\*, P \< 0.05; \*, P \< 0.01, by *t* test. Error bars indicate SD. (D) Cells were pulse-labeled with BrdU for 10 min, fixed, stained with anti-BrdU antibody, mounted with DAPI reagent, and analyzed by confocal microscopy. Relative nuclear surface size (*n* = 50 in each condition from a single experiment) was calculated. Red bars in the graph, median value; P, significance by *t* test. (E) Cells were treated with 20 gray (Gy) of γ-radiation, incubated for 30 min, fixed, and stained with both anti-PCNA and anti-γH2AX antibodies and analyzed by confocal microscopy. Bar, 5 µm. (F) Cells were treated with 4 µM CPT for 1 h and total extracts were isolated for immunoblot assay.](JCB_201206084_Fig8){#fig8}

We observed that ATAD5 knockdown cells appear to be larger than control cells in their cellular and nuclear size ([Fig. 1 A](#fig1){ref-type="fig"}). The increase in cell size after ATAD5 knockdown was confirmed by flow cytometry analysis ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201206084/DC1){#supp5}). It was not the result of an siRNA off-target effect because normal cell size was restored upon the expression of knockdown-resistant ATAD5 (Fig. S5 B). When the surface size of the nucleus was measured from multiple microscopic images, both BrdU-positive and -negative cells displayed significantly larger nuclear sizes upon ATAD5 knockdown ([Fig. 8 D](#fig8){ref-type="fig"}), suggesting that the enlarged nuclei in ATAD5 knockdown cells are present both in S phase and non-S phase cells. Because the regulation of cell size is closely related to doubling time and cell cycle progression ([@bib33]), the enlarged cell size after ATAD5 knockdown correlates well with changes in cell cycle profile and proliferation rate ([Fig. 8, A and C](#fig8){ref-type="fig"}).

S-phase progression can be delayed by activation of the intra-S checkpoint. Spontaneous DNA damage was observed in human cells with prolonged ATAD5 depletion by short hairpin RNA ([@bib39]). Thus, we investigated whether siRNA-mediated transient ATAD5 knockdown could induce DNA damage. In contrast to a clear induction of γH2AX, a marker for DNA damage, by treatment with 20 Gy of γ-radiation or 4 µM camptothecin (CPT), there was no detectable induction of γH2AX foci or increase in the level of γH2AX in ATAD5 knockdown cells ([Fig. 8, E and F](#fig8){ref-type="fig"}). Similarly, we could not detect any checkpoint activation, as determined by CHK1 and CHK2 phosphorylation, after ATAD5 knockdown ([Fig. 8 F](#fig8){ref-type="fig"}). In addition, ATAD5 knockdown did not show any additive effect in γH2AX level or CHK1 and CHK2 phosphorylation after CPT treatment. All these data indicate that transient ATAD5 knockdown does not induce DNA damage and checkpoint activation.

ATAD5 ATPase domain is important for proper function in replication factory
---------------------------------------------------------------------------

ATAD5 protein has an ATPase domain. Amino acid sequences at the ATPase domain are well conserved among RFC proteins as well as RLC proteins throughout evolution ([Fig. 9 A](#fig9){ref-type="fig"}). This is especially true for the lysine (K) residue, which is conserved in all ATPase domains. Mutation of this critical K residue to glutamate (E) in RFC1, RFC2, RFC3, or RFC4 impairs the ATPase as well as the replicative activities of the canonical RFC complex without affecting complex assembly in both yeast and human ([@bib9]; [@bib37]). Based on the protein alignment data ([Fig. 9 A](#fig9){ref-type="fig"}), we generated a putative ATAD5 ATPase mutant by changing K1138 residue to E (K1138E).

![**ATAD5 ATPase domain is important for removal of PCNA from chromatin.** (A) Peptide sequence alignment for the ATPase domains of RFC proteins. Hs, *Homo sapiens*; Sc, *Saccharomyces cerevisiae*. An asterisk indicates a conserved lysine (K) residue. (B) GST or GST-PCNA proteins were mixed with protein extracts containing ATAD5 wild-type (WT) or K1138E mutant proteins, pulled down and then subjected to immunoblot assay. (C) HEK293T cells were transfected with a preadjusted amount of plasmid DNA to express same amount of ATAD5 wild-type or K1138E mutant proteins. After 48 h, chromatin-bound proteins were isolated for immunoprecipitation. (D) HEK293T cells were transfected with the same amount of plasmid DNA expressing ATAD5 wild-type or K1138E mutant proteins. After 48 h, total proteins and RNA were isolated for immunoblot assay (top) and quantitative RT-PCR analysis (bottom), respectively. The ATAD5 transcript levels were corrected by normalizing them to the transcript levels of *β-actin*. (E) HEK293T cells were transfected with a preadjusted amount of plasmid DNA to express the same amount of ATAD5 wild-type or K1138E mutant proteins. After 48 h, soluble and chromatin-bound proteins were isolated for immunoblot assay. (F) HEK293T cells were transfected with a combination of *ATAD5* siRNA and a preadjusted amount of plasmid DNA to express the same amount of ATAD5 wild-type or K1138E mutant proteins on the chromatin. After 72 h, chromatin-bound proteins were isolated for immunoblot assay. (G) HeLa cells were transfected with a combination of *ATAD5* siRNA and a plasmid expressing ATAD5 wild-type or K1138E mutant protein. After 72 h, cells were pulse-labeled with BrdU for 3 min, fixed, and stained with both anti-PCNA and anti-BrdU antibodies and analyzed by confocal microscopy. The percentage of BrdU-weak cells in S phase was calculated. *n* \> 300 in each case from a single experiment. A portion of cells was used for immunoblot assay.](JCB_201206084_Fig9){#fig9}

The ATAD5 K1138E mutant protein interacted with PCNA as well as RFC4, although the binding affinity to RFC4 was slightly weaker than wild-type ATAD5 ([Fig. 9, B and C](#fig9){ref-type="fig"}, respectively). Despite similar transcript levels, the ATAD5 K1138E mutant protein was present at lower levels than wild-type ATAD5 protein, suggesting the ATAD5 K1138E mutation caused protein instability ([Fig. 9 D](#fig9){ref-type="fig"}). When a comparable level of ATAD5 K1138E expression was achieved by transfecting more expression plasmid, we found that chromatin retention of the ATAD5 K1138E protein was also slightly defective, resulting in a significant amount of the mutant protein in the soluble fraction ([Fig. 9 E](#fig9){ref-type="fig"}). The defect in chromatin retention could be one of the reasons for protein instability.

Lastly, we investigated whether the ATAD5 K1138E protein could reduce the level of chromatin-bound PCNA similar to the wild-type protein. Unlike wild-type ATAD5, the expression of siRNA-resistant ATAD5 K1138E mutant protein in ATAD5 knockdown cells did not restore PCNA level on the chromatin ([Fig. 9 F](#fig9){ref-type="fig"}). We also examined the effect of the ATAD5 K1138E mutation on the performance of the replication factories. In contrast to the wild-type protein, expression of the ATAD5 K1138E mutant protein did not reduce the percentage of cells having defective replication factories with a defective BrdU signal ([Fig. 9 G](#fig9){ref-type="fig"}). Taken together, these results indicate that the ATAD5 ATPase domain is important for proper ATAD5 function in replication factories.

Discussion
==========

In this study, we demonstrated that ATAD5 regulates the lifespan of replication factories. ATAD5 knockdown caused accumulation of PCNA in the replication factories ([Figs. 1](#fig1){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}). Enlargement and prolonged duration of PCNA foci in ATAD5 knockdown cells ([Figs. 1](#fig1){ref-type="fig"} and [2 F](#fig2){ref-type="fig"}) strongly suggest that ATAD5 functions to unload PCNA at the replication factories. Because other replication proteins remained in inactive replication factories after ATAD5 knockdown ([Figs. 3 C](#fig3){ref-type="fig"} and [4 D](#fig4){ref-type="fig"}) and their retention on the chromatin was dependent on chromatin-bound PCNA ([Fig. 5](#fig5){ref-type="fig"}), disassembly of replication factories appears to be closely related to PCNA unloading. The requirement of intact ATPase domain of ATAD5 for the regulation of chromatin-bound PCNA levels ([Fig. 9 F](#fig9){ref-type="fig"}) and dismantlement of replication factories ([Fig. 9 G](#fig9){ref-type="fig"}) suggest ATAD5--RLC's active role in unloading PCNA to facilitate these processes. The majority of replication factories having defective BrdU signal were observed in late S and G2 phases after ATAD5 knockdown ([Fig. 4 E](#fig4){ref-type="fig"}), suggesting that ATAD5--RLC functions to disassemble replication factories when replication factories complete their function. Therefore, defective ATAD5--RLC causes BrdU-negative or attenuated replication factories to remain on the chromatin and extend their lifespan.

The replication rate in ATAD5 knockdown cells was slow ([Fig. 7](#fig7){ref-type="fig"}). This could be a result from the inefficient performance of post-DNA synthesis process at replication factories. In both prokaryotes and eukaryotes, the presence of a stationary clamp reservoir with a rapid turnover of clamp proteins and the recruitment of replication proteins were microscopically observed ([@bib43]; [@bib44]). Highly accumulated proteins at inactive replication factories after ATAD5 knockdown ([Figs. 4 D](#fig4){ref-type="fig"} and [5 D](#fig5){ref-type="fig"}) could delay specific sub-S phases, especially after DNA synthesis ([Fig. 2 C](#fig2){ref-type="fig"}), until those inactive replication factories are disassembled to release the replication proteins so that they could be recycled for completion of post-DNA synthesis process in other active replication factories. Consistently, depletion of CAF-1 delays the replication rate ([@bib16]). Alternatively, ATAD5 might assist the replication machinery to replicate certain chromosomal locations efficiently that are difficult to replicate ([@bib36]). Repetitive DNAs in many locations including centromeres are replicated throughout late S phase ([@bib45]). Because most ATAD5 knockdown cells have inactive replication factories that are at the late S phase ([Fig. 4 E](#fig4){ref-type="fig"}), it is possible that ATAD5 might have unique roles for assisting the replication of such genomic locations. Such a possibility could explain the DNA combing result in terms of detection sensitivity. Under the labeling condition that we used in the DNA combing assay, the calculated detection limit of replication fork speed is 0.3 kb/min. It is possible that after ATAD5 knockdown, stretches of DNA synthesized near chromosomal locations that are difficult to replicate could be too short to be detected in the DNA combing assay.

ATAD5--RLC regulates the life cycle of replication factories by changing the level of PCNA in the replication factory. This could possibly occur by PCNA unloading. According to a previous report in budding yeast, Elg1--RLC has no PCNA loading/unloading activity in an in vitro system where the same activities of Ctf18--RLC were observed ([@bib7]). However, indirect evidences, including our current results, implicate ATAD5--RLC in unloading PCNA. Specific increase in the level of chromatin-bound PCNA by ATAD5 knockdown supports this model ([Fig. 5 F](#fig5){ref-type="fig"}). In two recent reports, similar observations in yeast were briefly mentioned in their control experiments ([@bib34]; [@bib22]). There was even a slight reduction in the level of chromatin-bound PCNA in yeast *ctf18* mutants. Additionally, the inactivation of yeast Ctf18--RLC or overexpression of yeast Elg1p was synthetic lethal with the *rfc1-44* mutant, and the synthetic-lethal phenotype of *ctf18 rfc1* mutant was rescued by *elg1* mutation ([@bib20]). These genetic interactions suggest that both Rfc1p and Ctf18p load PCNA, whereas Elg1p unloads PCNA. Lastly, yeast Elg1p physically and genetically interacts with Rad27p (a yeast homologue of FEN1), implicating ATAD5--RLC in PCNA unloading ([@bib19]). It should be stressed that all replication factories ultimately complete their cycle, even in ATAD5 knockdown cells. It is possible that PCNA could be unloaded redundantly by two other clamp loaders, RFC or CTF18--RLC in the absence of ATAD5--RLC. However, the prolonged ATAD5 deficiency in rapidly proliferating cells during embryonic development could not be complemented by other clamps. This could be the reason why the homozygous null mutation of *Atad5* caused the embryonic lethality in mice ([@bib2]). Taking all these data together, we propose that ATAD5--RLC is a major complex for PCNA unloading.

We recently reported a tumor-suppressive function of ATAD5 in both mice and humans ([@bib2]). Haploinsufficiency of Atad5 predisposed mice to develop tumors. Somatic mutations of the *ATAD5* gene were found in several endometrial tumors. We report here that ATAD5 has roles in DNA replication in addition to its role in DNA repair in response to DNA damage. Because homozygous *usp1*-null mice show neither embryonic lethality nor tumor predisposition, the dysregulation of PCNA ubiquitylation is not enough to explain the essential embryonic and tumor-suppressive functions of ATAD5. Rather, defects in DNA replication, including dysregulation of both cell cycle and replication factory cycle by ATAD5 knockdown observed in this study, could explain tumorigenesis as well as embryonic lethality of *Atad5*-null mice.

Materials and methods
=====================

Cell culture, reagents, and antibodies
--------------------------------------

Human embryonic kidney (HEK) 293T cells and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS; Hyclone), 100 U/ml penicillin G, and 100 µg/ml streptomycin. HeLa cells stably expressing GFP-fused PCNA and mCherry protein--fused H2B were maintained in a same condition with additional 1 µg/ml puromycin and 0.5 mg/ml G418. The immortalized normal retinal pigment epithelial (RPE) cells were maintained in DMEM/Ham's F12 containing 10% FBS (Hyclone), 100 U/ml penicillin G, and 100 µg/ml streptomycin. RPE cells stably expressing FLAG-tagged ATAD5 were maintained in a same condition with additional 0.5 mg/ml G418. The following antibodies were used: anti-PCNA (PC10), anti-CHK1, anti-CHK2, anti-FEN1, anti-RAD17, and anti-RFC4 antibodies (Santa Cruz Biotechnology, Inc.); anti-LIG1 and anti-CTF18, and anti--CHK1-S317 antibodies (Bethyl Laboratories, Inc.); anti-FLAG, anti-BrdU, anti-RFC1, anti-MSH2, anti-CAF1, anti-cyclin B1, and anti-tubulin antibodies (Abcam); anti-histone H3 antibody (EMD Millipore); anti-MRE11 and anti-γH2AX antibodies (Genetex); anti-RPA antibody (EMD Millipore); anti--CHK2-T68 antibody (Cell Signaling Technology); and anti-polymerase delta antibody (BD). The anti--human ATAD5 antibody was raised in rabbits using N-terminal 1--297 amino acid fragments ([@bib23]).

DNA constructs and siRNAs
-------------------------

Plasmids expressing full-length wild-type ATAD5 (p3×FLAG-ATAD5) protein and expressing UAF1 interaction-defective ATAD5 protein (ATAD5--UAF1del), both of which were cloned in p3×FLAG-CMV10 expression vector (Sigma-Aldrich), were described previously ([@bib39]; [@bib23]). The site-directed mutagenesis to generate plasmid DNA for ATAD5 K1138E mutant proteins was performed using the QuikChange site-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's instructions with p3×FLAG-ATAD5 as a template.

ON-TARGETplus NON-targeting pool (\#D-001810) and ON-TARGETplus SMART pool siRNAs for *ATAD5* (\#L-004738), *RFC1* (\#L-009290), *CTF18* (\#L-013915), *RAD17* (\#L-003294), and *PCNA* (\#L-003289) were purchased from Thermo Fisher Scientific. To target the 3′ untranslated region (UTR) of ATAD5, siRNAs with the following sense and antisense sequences were purchased from Thermo Fisher Scientific: 5′-GGAAGGUAGAGUUCAUUAAUU-3′ (sense) and 5′-UUCCUUCCAUCUCAAGUAAUU-3′ (antisense).

Transfections and RNA interference
----------------------------------

Transfections of plasmid DNA and siRNAs, either synthetic duplexes or SMART pool (50--100 nM), were performed using Lipofectamine2000 (Invitrogen) and Oligofectamine (Invitrogen), respectively, according to the manufacturer's instructions. Transfected cells were further incubated for 72 h before for further analysis. In some experiments, wild-type or mutant ATAD5 was expressed in cells in which the endogenous ATAD5 was knocked down by siRNA targeting 3′UTR of *ATAD5*. In these experiments, plasmids expressing wild-type or mutant ATAD5 protein were transfected 24 h after siRNA transfection.

Colorimetrical measurement of cell numbers
------------------------------------------

At 48 h (0 d) after transfection, the same number of cells was seeded into each well of 96-well plates and incubated in a 37°C incubator. Cells were frozen in a deep freezer at the indicated times. Samples were prepared using the CyQUANT Cell Proliferation Assay kit (Invitrogen) according to the manufacturer's instructions. Fluorescence was measured using a Fluoroskan Ascent FL microreader (Thermo Fisher Scientific) with excitation at 485 nm and emission detection at 530 nm. Each cell number was normalized to the number of cells at d 0.

Microbeads attachment experiment
--------------------------------

Control and ATAD5 knockdown cells were allowed to bind to two different sized Polybeads Carboxylate Microspheres (Polysciences, Inc.), 2 and 0.75 µm, respectively, for 6 h. Then, both cells bound to different beads were harvested and plated in a single slide chamber and incubated for another 18 h before fixation.

Confocal microscope sample preparation
--------------------------------------

Cells were plated in LabTek chamber slides (Thermo Fisher Scientific) and incubated for 1 d before fixation with 100% methanol at −20°C for 30 min or used directly for live-cell imaging. For the staining of chromatin-bound PCNA, cells were pretreated with 0.5% Triton X-100 for 2 min before fixation. For BrdU labeling, cells were incubated with 20 µM BrdU for the indicated times before fixation. The fixed cells were stained with single or combined primary antibodies for 1 h at room temperature (RT). After washes with 0.05% Triton X-100 in PBS three times, Alexa Fluor--conjugated secondary antibodies were added and incubated for 30 min. For BrdU detection, BrdU-labeled cells were fixed with 4% paraformaldehyde for 5 min after immunostaining to detect proteins together with BrdU. Cells were then treated with 4N HCl for 10 min at RT. After rinsing with PBS, cells were stained with rat anti-BrdU antibody and then with the Alexa Fluor--conjugated secondary antibody. Cells were mounted using Prolong Gold Antifade reagent (Invitrogen). Alexa Fluor 488--, Alexa Fluor 568--, and Alexa Fluor 633--conjugated secondary antibodies were purchased from Invitrogen.

Microscope image acquisition
----------------------------

Confocal images were acquired at room temperature using an LSM 510 NLO Meta system (Carl Zeiss) mounted on an inverted microscope (Axiovert 200M; Carl Zeiss) with an oil immersion Plan-Apochromat 63x/NA 1.4 DIC objective lens (Carl Zeiss). Excitation wavelengths of 488, 561, and 633 nm were used for detection of Alexa Fluor 488, 568, and 633, respectively. Fluorescent emissions were collected using photomultiplier tubes with a BP 500--550 nm IR blocked filter, a BP 575--615 nm IR blocked filter, and an LP 650-nm filter, respectively. All confocal images were acquired with a 512 × 512-pixel frame size. The acquired images were post-processed using Image-Pro Plus v7.0 software (Bethesda, MD). A custom macro was designed for image processing. This macro was used to calibrate and filter the signal based on a Gaussian distribution. Using this macro, images were also segmented to remove those with touching nuclei or nuclei touching the image border, and the nuclei were outlined using DAPI staining as the template and copied throughout the appropriate fluorophore channel. Nuclei were then counted and measurements of nuclear area (µm^2^) and fluorescent intensity (mean and sum) were recorded.

Live-cell imaging
-----------------

Cells grown on glass-bottom dishes (MatTek Corporation) were imaged in a 37°C chamber with a secondary internal chamber that delivered humidified 5% CO~2~. Wide-field images were collected using a Yokogawa Spinning Disk system (Carl Zeiss) mounted on an inverted microscope (Axio Observer Z1; Carl Zeiss) with an oil immersion Plan-Apochromat 63x/NA 1.4 DIC lens. All images were acquired every 10 min for 26 h using an EMCCD camera (Evolve; Photometrics) with an exposure time of 312 ms per Z slice acquisition, 2 × 2 binning, and a 512 × 512-pixel imaging field. Z-stacks were collected (7 images per stack) with an excitation wavelength of 488 nm and an emission filter of 525/50. Images were post-processed using the AxioVision software package, v4.8 (Carl Zeiss).

EdU incorporation analysis
--------------------------

Cells were labeled with EdU under different conditions and harvested for microscopic or flow cytometry analysis. For microscopic analysis, samples were prepared using the Click-it EdU Alexa Fluor 488 imaging kit (Life Technologies) according to the manufacturer's instructions. Data were analyzed using Image-Pro Plus 7.0 software. For flow cytometry analysis, samples were prepared using the Click-it EdU flow cytometry assay kit (Life Technologies) according to the manufacturer's instructions and subjected to FACS analysis. Data were analyzed using FlowJo software (Tree Star).

BrdU incorporation and cell cycle analysis
------------------------------------------

Cells were labeled with 10 µM BrdU for 30 min and harvested. Samples for cell cycle analysis were prepared using the APC BrdU Flow kit (BD) according to the manufacturer's instructions and subjected to FACS analysis using a FACSCalibur Analytic Flow cytometer (BD). Data were analyzed using FlowJo software (Tree Star).

Cell synchronization using a double thymidine block
---------------------------------------------------

To synchronize cells at the G1/S boundary, 2 mM thymidine was added. After 19 h, cells were washed three times with fresh medium, released for 9 h, and incubated with 2 mM thymidine for an additional 16 h. Cells were then allowed to grow under normal conditions and harvested every 3 h after release. The cell cycle stage was monitored by flow cytometry.

DNA molecular combing analysis
------------------------------

DNA-combing analyses of replicating DNA were performed according to the methods described previously ([@bib11]). In brief, cells were pulse-labeled with 20 µM IdU (Sigma-Aldrich) for 20 min followed by second labeling with 50 µM CldU (MP Biomedicals) for 20 min before analysis. Cells were embedded in low-melting point Agarose plugs and lysed with proteinase K lysis buffer at 50°C overnight. After Agarose was digested with β-Agarase (New England Biolabs, Inc.), DNA was combed onto silanized surfaces (Microsurfaces, Inc.) and detected with anti-IdU (BD), anti-CldU (Accurate Chemical), and anti--single-strand DNA (EMD Millipore) antibodies. Images were captured with Attovision software using an epifluorescence microscope (Pathway; BD) and the signals were measured using ImageJ software (open source from National Cancer Institute, NIH) with custom-made macros ([@bib12]). The replication fork velocity was calculated from the length of CldU and IdU signals.

Immunoprecipitation and immunoblot analysis
-------------------------------------------

Triton X-100--soluble (soluble fraction) and Triton X-100--insoluble fractions (chromatin-bound fraction) were isolated and subjected to immunoprecipitation or immunoblot analysis with the methods described previously ([@bib23]). In brief, "soluble fraction" was isolated by incubating cells in buffer A (100 mM NaCl, 300 mM sucrose, 3 mM MgCl~2~, 10 mM Pipes, pH 6.8, 1 mM EGTA, 0.2% Triton X-100, 100 µM NaVO~4~, 50 mM NaF, and protease inhibitors \[Roche\]) for 5 min on ice followed by centrifugation. Then "chromatin-bound fraction" was isolated by resuspending the pellet in buffer B (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 100 µM NaVO~4~, 50 mM NaF, and protease inhibitors) for 10 min on ice followed by sonication and centrifugation.

Online supplemental material
----------------------------

Fig. S1 shows the generation of abnormally large PCNA foci in RPE cells and in cells prepared in a single slide chamber after control and ATAD5 knockdown. Fig. S2 shows consecutive images of a single GFP-PCNA--positive cell from control and ATAD5 knockdown. Fig. S3 shows generation of inactive replication factories after ATAD5 knockdown in RPE cells. Fig. S4 shows a delay in S-phase cell cycle progression after ATAD5 knockdown in HEK293T cells. Fig. S5 has flow cytometry data showing increased cellular size in ATAD5 knockdown cells. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201206084/DC1>.
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